Seismic observations reveal a patchwork of thin and dense structures, named UltraLow Velocity Zones (ULVZs) atop the Earth's core mantle boundary.
In our model, we treat the ULVZs as dense, low viscosity patches, embed- The numerical model in this work builds on a previous boundary el- 83 ements model developed to study the microstructure in partially molten ∆T ·n + ∆ρ (x · g)n = 0,
wheren is the unit normal to the interface, as depicted in Figure 1 .
107
We solve for velocities at the boundary and within each entity by con- 
113
In a collection of P ULVZ patches embedded within an LLSVP (marked 
where the point x 0 is called the pole point while the point x is called the field can recast the BIE as a system of algebraic equations given by
where J and K are the matrices generated from the kernels J(x, x 0 ) and 
133
The nondimensional BIE consists of two dimensionless quantities, R, the 134 compositional Rayleigh number and λ, the viscosity ratio. We define R as,
where µ is the viscosity of the LLSVP, x c is the characteristic length, and 
wheren is the unit normal to the hemispherical ULVZ. We present a 
Simulations

189
The geometry of the simulation is divided into two sets of interfaces: the
190
LLSVP-mantle interface and LLSVP-ULVZ interfaces. For each simulation,
191
we fix the LLSVP-mantle boundary as a trapezoid with rounded corners. impose a tangential velocity of 1 cm/yr at the LLSVP-mantle interface.
203
We simulate three stages of ULVZ evolution within the LLSVP. Each that the ULVZ is more dense than the surrounding LLSVP.
215
These numerical simulations using the FM accelerated BEM allows us 216 to specifically address the three questions raised in the introduction. In the 217 following section, we present our results in light of these questions. As discussed in section 2.2, we build solutions for the entraining flow in 221 terms of a known strain rateĖ. In 2D, this tensor can be expressed asĖ =
222
[(E 1 , 0), (0, −E 1 )]. Combining the solutions for the entraining and drainage 223 flow and evaluating equation (9) atop the hemispherical ULVZ patch, the
The first term on the right hand side arises from entraining flow, while the which df /dt = 0, thus becomes,
The two regimes of flow are defined by the critical compositional Rayleigh in a circulating mantle (Manga, 1996) , we found that the neutrally buoyant
248
ULVZs are easily entrained by the mantle circulation and will likely ho-249 mogenize with the surrounding mantle over geologically significant periods.
250
Results from these simulations are reported in the supplementary material. 
Shape of the ULVZs
While it has been known for some time that the ULVZs are characterized flat ULVZ patch with rounded corners, described in the following section.
286
The lack of observed ULVZs far above the CMB and the high width to 287 height ratio is explained by the evolution outlined in 
Stability of the ULVZs
297
Upwelling LLSVP circulation sweeps an initially flat ULVZ patch into 298 a steady-state pile near the corner over a geologically short period of time.
299
The second stage of simulation, depicted in Figure 4 , starts with a flat ULVZ 300 that would result from the merger of two ULVZ patches to form an approx- 
316
In the third series of reverse experiment, we started with an initial ULVZ 317 patch located at the corner of the LLSVP. The series of simulations in Figure   318 6 depict the evolution of the shape of the patch. In the beginning of the sim-319 ulation, the velocity field indicates that the height of the ULVZ is unstable.
320
At the corner, concentric stream tubes depict the closed circulation that was 
Assumptions and implications for the lower mantle
364
We make two assumptions in our simulations. First, the LLSVP remains reviewer provided insightful reviews.
416
In this section, we present the method for building an analytical solution
418
to the velocity and pressure fields within the ULVZ and the evolution of
419
ULVZ shape subjected to a flow within the surrounding mantle.
420
Treating the ULVZ and the mantle as separate entities, we notice that 
439
To study the influence of deformation of the ULVZ, it is useful to build 
In the Cartesian coordinates, we can describe the strain tensorĖ in terms 446 the principal strain rates as,
The solution for u L s ensures the conservation of mass within the LLSVP. We 448 also rewrite the stress jump condition as,
at r = h.
450
We determine four of the five unknown constants from mass and momen- provide the solutions for flow internal to the ULVZ, which will be used in the 458 next step. This solution is given by, To determine the change of the ULVZ shape atop, we rewrite equation (8) 468 in O(ϵ) as,
Decomposing the total velocity u U in terms of the entraining velocity 
In the main article, we discuss the nature of the above equation in deter-
473
mining the regime boundary between entrainment and drainage. 
Methods
1
The evolution of ULVZ geometry within a convecting LLSVP is governed 
Email address: Saswata.Hier-Majumder@rhul.ac.uk (Saswata Hier-Majumder) and the LLSVP requires, in the presence of gravitational acceleration,
where T is the stress tensor of the fluid with density ρ and the vector g 12 represents gravity. The stress tensor is related to the fluid velocity through 13 the constitutive relation,
where P is the dynamic pressure of the fluid, µ is the fluid viscosity, and I is 15 the identity matrix.
16
We solve the governing PDEs (1) and (2) 
where u (−) is the velocity inside the p-th ULVZ and u (+) is the velocity in the LLSVP. The interface between the p-th ULVZ and the LLSVP is denoted 23 Γ p .
24
We fix the geometry of the LLSVP within the larger mantle and pre- 
wheret is the counterclockwise tangential vector along the LLSVP-mantle 31 boundary, Γ L . Boundary condition (5) preserves the shape of the LLSVP.
32
Next, we require the difference in traction across the LLSVP-ULVZ interfaces 33 balance with buoyancy forces, leading to the stress jump condition,
34
∆T ·n + ∆ρ (x · g)n = 0,
where ∆T is the stress drop across the surface of the ULVZ, ∆ρ is the density 35 contrast, andn is the unit normal to the ULVZ-LLSVP interface, pointing 36 into the LLSVP (Leal, 1992).
37
The density contrast is defined as ∆ρ 
We use the Boundary Elements Method(BEM) is used to solve the PDEs
46
(1) and (2). In this method, we transfer the PDEs into a set of Boundary 
57
The dimensionless BIE for P ULVZ patches embedded in a LLSVP relates 58 the velocity u(x) at point x 0 on the surface of the q-th ULVZ patch by: given by 
In the definitions above, we use the dyadic notation (Malvern, 1969) to in-76 dicate the outer product between two or more vectors.
77
The interfacial stress jump ∆f (x) in the single-layer integral arises from 78 the fact that density contrast between the ULVZ and the LLSVP is balanced 79 by the difference in normal traction across the interface, and is defined by
The dimensionless compositional Rayleigh number, R p , represents the 81 ratio between buoyancy and viscous forces at the LLSVP-ULVZ interface.
82
The compositional Rayleigh number can be expressed in terms of the density 83 difference ∆ρ p , gravitational acceleration g, characteristic length x c , charac-84 teristic velocity u c , and viscosity µ L as
We set R P +1 = 0, eliminating the generation of forces along the LLSVP-86 mantle boundary.
87
The viscosity ratios and compositional Rayleigh numbers are the param-
88
eters that control the evolution of ULVZ shapes for the imposed velocity 89 at the LLSVP-mantle boundary. At each time step, we solve the BIE (8)
90
numerically to obtain the velocities at the boundary nodes of each grain.
91
Next, we update the shape of each grain using equation ( LLSVP is computed by
Notice that in contrast to the BIE (8), the velocity u(x) in the integrands in Similarly, the velocity at a point x 0 within the q-th ULVZ is given by,
Since all quantities on the right hand side of equation (14) strain tensors using the software Paraview.
109
As described above, we use the method of collocation to discretize the The resulting linear system is rewritten in matrix notation as
where J and K are the matrices generated from the kernels of the single-and 
Neutrally buoyant ULVZs
138
To contrast the evolution of a dense ULVZ patch, we carried out a similar blobs embedded in a circulating mantle (Manga, 1996) . This set of simula- 
